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We investigate phase-coherent thermal transport in Josephson junctions made from unconven-
tional superconductors or superfluids. The thermal conductance is evaluated for one- and two-
dimensional junctions within the Bogoliubov-de Gennes formalism. We analyze three different sce-
narios of junctions between two triplet superconductors with (i) helical pairing, (ii) unitary chiral
and (iii) nonunitary chiral pairing. We find that the phase-dependent thermal conductance allows us
to distinguish the different pairings and provides insight into the formation of topologically nontrivial
Andreev bound states in the junction.
I. INTRODUCTION
In 1957, BCS theory has been formulated as a mi-
croscopic theory of conventional superconductivity by
Bardeen, Cooper and Schrieffer [1]. It explains super-
conductivity in terms of the formation of spin-singlet s-
wave Cooper pairs via an attractive, phonon-mediated
electron-electron interaction. While it provides excellent
agreement with experimental results for a large number
of superconductors, it has become clear that there are
other, unconventional superconductors which go beyond
the original BCS framework and differ in the symmetry
of their Cooper pair wave function [2].
Unconventional superconductivity can be found, e.g.,
in high-temperature superconductors [3] where Cooper
pairs still form spin-singlet state but the orbital struc-
ture is of d-wave character [4]. Cooper pairs can also
form spin-triplet states which are even under spin ex-
change and, thus, odd in the orbital degree of freedom
due to p-wave pairing. Such triplet pairing occurs, e.g.,
in superfluid 3He [5, 6], Sr2RuO4 [7] and certain heavy-
fermion superconductors [8]. In addition, spin-triplet
pairing can also be created artifically in heterostructures
where the proximity effect from a conventional BCS su-
perconductor induces superconducting correlations in a
nearby nonsuperconducting material [9]. The combina-
tion of spin-orbit interactions, exchange fields or external
magnetic fields with broken translational invariance at
interfaces then converts spin-singlet s-wave correlations
into spin-triplet p-wave correlations [10, 11]. Similarly, p-
wave superfluidity can also be induced in ultracold quan-
tum gases [12].
Recently, spin-triplet p-wave superconductors have re-
ceived a lot of interest due to their nontrivial topological
properties [13, 14]. In particular, they can host Majorana
surfaces states [15–21] which have non-Abelian braiding
statistics [22] and are potential candidates for topologi-
cally protected qubits [23]. Furthermore, the nontrivial
momentum dependence of p-wave order parameters al-
lows for the realization of different types of triplet su-
perconductivity such as helical pairing where the order
parameter is of the form σ ·p, unitary chiral pairing with
an order parameter of the form px ± ipy and nonunitary
chiral pairing with broken time-reversal symmetry where
only one spin species is paired.
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FIG. 1. (a) Short Josephson junction consisting of two su-
perconducting reservoirs with order parameters ∆ˆL and ∆ˆR
connected by a normal region N . The two superconductors
are at the same chemical potential µ while a temperature
bias ∆T and phase bias φ are applied across the junction. (b)
Scattering states: an incoming electronlike state ψe,i (dashed
blue line) impinging on the junction under an angle α gives
rise to transmitted electronlike quasiparticles te,jψ˜e,j (blue
solid line) and holelike quasiparticles th,jψ˜h,j (red solid line)
as well as to reflected electronlike quasiparticles re,jψe,j (blue
solid line) and holelike quasiparticles rh,jψh,j (red solid line).
Note that the group velocity vg ∝ ∂kε is parallel to the mo-
mentum vector for electronlike and antiparallel for holelike
modes.
It is, thus, desirable to probe, control and manipulate
the properties of spin-triplet superconductors. This can
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2be achieved, e.g., in SNS Josephson junctions where two
superconductors are coupled to each other by a normal
region. Andreev reflection at the superconductor-normal
metal interfaces gives rise to the formation of Andreev
bound states at discrete energies within the supercon-
ducting gap. In a junction of spin-triplet superconduc-
tors, topologically protected zero-energy Andreev bound
states form which are Majorana bound states [24, 25].
They give rise to a 4pi-periodic Josephson effect that
can be detected experimentally [26–31]. This is, how-
ever challenging due to issues with quasiparticle poison-
ing [32, 33] and the contribution of additional trivial
modes.
Here, we propose phase-coherent heat transport in a
temperature-biased Josephson junction as an alterna-
tive way of probing topologically nontrivial Josephson
junctions made from spin-triplet p-wave superconduc-
tors. A phase-dependent contribution to the thermal
conductance of a Josephson junction was predicted by
Maki and Griffin [34, 35] and subsequently been dis-
cussed for tunnel junctions [36, 37] and superconducting
point contacts [38, 39]. Only very recently has the phase-
dependent thermal conductance been measured experi-
mentally [40, 41]. It arises from Andreev-like processes
where an electronlike (holelike) quasiparticle above the
superconducting gap is transmitted or reflected as a hole-
like (electronlike) quasiparticle [42]. Thus, the phase-
dependence can provide nontrivial information about
Andreev bound states [43]. At the same time, phase-
coherent thermal transport can also be useful for fu-
ture caloritronic applications as it allows for the oper-
ation of heat interferometers [40, 41, 44–46] , thermal
switches [47], thermal rectifiers and diodes [48–51], ther-
mal transistors [52, 53], heat circulators [54] and super-
conducting refrigerators [55–57].
In this paper, we demonstrate that the thermal con-
ductance of a Josephson junction can be used to distin-
guish spin-singlet and spin-triplet superconductors and
elaborate the characteristic transport signatures of the
triplet case. Furthermore, we elaborate in how far the
thermal conductance can provide further insight into the
nature of the spin-triplet state. Compared to Andreev
bound state spectroscopy [58] which can also provide in-
formation about the superconducting pairing, thermal
conductance measurements offer the advantage that they
do not rely on three-terminal measurements and can,
thus, be implemented more easily with superfluids or sys-
tems based on exotic superconducting materials. Fur-
thermore, thermal conductance measurements rely on
quasiparticle transport above the superconducting gap
rather than Cooper pair transfer and, thus, provide dif-
ferent means of obtaining information about Andreev
bound states compared to spectroscopy and Josephson
currents. We remark that while in the rest of the paper
we will always use the term superconductor, our results
apply to superfluids as well.
The paper is organized as follows. In Sec. II we present
our model of a spin-triplet p-wave Josephson junction and
introduce the Bogoliubov-de Gennes formalism used for
its theoretical description. We then discuss the phase-
dependent thermal conductance of three types of junc-
tions involving superconductors with helical pairing in
Sec. III A, unitary chiral pairing in Sec. III B, and nonuni-
tary chiral pairing in Sec. III C. Conclusions are drawn
in Sec. IV.
II. MODEL
We consider a two-dimensional Josephson junction
built from two spin-triplet p-wave superconductors which
are connected by a normal region, see Fig. 1. Both su-
perconductors are kept at the same chemical potential
µ. The order parameters ∆ˆL and ∆ˆR can in general be
different and, thus, allow for a different orientation of
the Cooper pair spin in the two superconductors. The
junction is biased by a temperature difference ∆T and a
difference in the phases of the superconducting order pa-
rameters φ. We describe the Josephson junction within
the Bogoliubov-de Gennes (BdG) scattering formalism
[59]. In the basis
(u↑(k), u↓(k), v↑(k), v↓(k))
T
, (1)
where uσ and vσ represent electron- and holelike quasi-
particle excitations with spin σ, the BdG Hamiltonian in
momentum space is given by [60]
HBdG =
(
Hˆ0(k) ∆ˆ(k)
−∆ˆ?(−k) −Hˆ?0 (−k)
)
. (2)
H0 represents the quadratic single-particle Hamiltonian
which is isotropic in spin space and therefore given by
Hˆ0(k) = σ0 ⊗
[
~2k2
2m
− µ
]
, (3)
where σ0 denotes the unit matrix in the spin space. In
contrast to conventional spin-singlet s-wave pairing, the
order parameter of the triplet pairing ∆ˆ(k) has a ma-
trix structure which can be parametrized by the Balian-
Werthammer vector [61] d(k) = (dx(k), dy(k), dz(k))
T
and the vector of Paulimatrices σ = (σx, σy, σz)
T as
∆ˆ(k) =
(
∆↑,↑(k) ∆↑,↓(k)
∆↓,↑(k) ∆↓,↓(k)
)
= d(k) · σiσy. (4)
The components dx(k), dy(k) and dz(k) correspond to
Cooper pairs with an Sx = 0, Sy = 0 and Sz = 0 spin
projection, respectively. In terms of the d-vector the pair-
ing potential has the explicit form
∆ˆ(k) =
(−dx(k) + idy(k) dz(k)
dz(k) dx(k) + idy(k)
)
. (5)
As the triplet correlations are even under spin exchange,
the Pauli principle requires that the full wavefunction is
3either odd under the exchange of spatial coordinates or
time arguments. Here, we focus on spin-triplet p-wave
pairing which is even in the time domain. Due to this
p-wave character, all triplet pairing correlations are odd
under momentum inversion,
d(k) = −d(−k). (6)
We remark that alternatively the possibility of odd-
frequency superconductivity arises where spin-triplet
pairing occurs in an s-wave state [62].
Furthermore, the d-vector is directly proportional to
d(k) ∝ ∆0/kF , where ∆0 determines the size of the gap
in the bulk energy spectrum at |k| = kF .
In our analysis we focus on short SNS junctions where
the length of the normal region L is short compared to
the superconducting coherence length ξ ∼ ~vF /|∆0|. In
this case, it is possible to model the N region by a delta-
shaped barrier at the interface between the two supercon-
ductors. Furthermore, we assume that the Fermi wave-
length of the superconductor is much smaller then the
one of the normal region λF,S  λF,N . As a result, the
order parameters of the superconducting regions quickly
approach their bulk value at the SN interface and we may
approximate their spatial dependence by a stepfunction
behavior [63–65],
∆ˆ(x) = ∆ˆLΘ(−x) + ∆ˆRΘ(+x). (7)
For a two-dimensional SNS junction, we define the angle
of incidence α at the normal interface in terms of the
momenta of left-moving and right-moving quasiparticles
as
kr = kF (cosα, sinα), (8)
kl = kF (− cosα, sinα), (9)
cf. also Fig. 1(b). We remark that for the special case of
a one-dimensional junction α = 0.
We solve the BdG equation
HBdGψe/h,ie
ikl/r·r = εkψe/h,ieikl/r·r, (10)
for a given energy above the gap ε > |∆0| in the Andreev
regime µ  ε, |∆0| to determine the scattering states
ψe/h,ie
ikl/r·r of the superconducting bulk. From Eq. (10)
we obtain eight scattering states which are characterized
as electronlike or holelike, left-moving or right-moving
and by their spin index i.
For the left side of the junction (x < 0) an incident
right-moving electronlike mode ψe,ie
ikr·r gives rise to a
backscattered electronlike mode ψe,je
ikl·r or to an An-
dreev reflected holelike model ψh,je
ikr·r,
ΨL = ψe,ie
ikr·r +
∑
j
[
re,jψe,je
ikl·r + rh,jψh,jeikr·r
]
.
(11)
In addition, the incoming mode can also be transmitted
to the right side (x > 0) as an electronlike mode ψ˜e,je
ikr·r
or as a holelike mode ψ˜h,je
ikl·r,
ΨR =
∑
j
[
te,jψ˜e,je
ikr·r + th,jψ˜h,jeikl·r
]
. (12)
We remark that the explicit shape of the electron- and
holelike states on the left and right side can in general
differ due to different order parameters (∆ˆL 6= ∆ˆR). At
the normal interface (x = 0) the boundary conditions are
then given by
ΨL = ΨR, (13)
∂xΨR − ∂xΨL = 2ZkFΨL, (14)
where Z is a dimensionless parameter related to the
transmission in the normal state as
τ =
1
1 + Z2
. (15)
From the matching procedure we obtain the transmission
function T = ∑j [|te,j |2 + |th,j |2] through the junction.
When a temperature bias ∆T is applied across the
junction, the thermal conductance κ in linear response
is given by [66]
κ(φ) =
g
h
∫ +∞
|∆0|
dε εT (ε, φ) df
dT
. (16)
Here, f = [exp(ε/(kBT )) + 1]
−1
denotes the Fermi distri-
bution function in equilibrium. The degeneracy factor g
accounts for spin degeneracy as well as particle-hole de-
generacy. Hence, for the case of helical and unitary chiral
pairing we have g = 4 while in the nonunitary chiral case
g = 1.
III. RESULTS
In the following, we are going to discuss the phase-
dependent thermal conductance of Josephson junc-
tions involving spin-triplet p-wave superconductors. In
Sec. III A, we start our analysis with the simplest case of
unitary helical pairing which is isotropic in k space. We
then turn to the case of unitary but anisotropic chiral
pairing where the relative orientation of the order pa-
rameters in the two superconductors becomes important
in Sec. III B. Finally, we will investigate a junction with
nonunitary chiral pairing where only one spin species is
paired in Sec. III C. While the main focus of our analysis
lies on one-dimensional transport through the junction,
we also discuss qualitative differences arising in the two-
dimensional case for all three pairing scenarios.
A. Helical Pairing
We first consider superconductors with helical pair-
ing which preserves time-reversal symmetry. This type
4of pairing occurs intrinsically in the superfluid He3
B-phase [6]. Alternatively, it can be generated ar-
tifically in superconductor-topological insulator hybrid
structures [24, 67]. These hybrid structures differ from
our model in that they exhibit a linear dispersion which
in turn gives rise to the effect of superconducting Klein
tunneling [68]. The order parameter for helical pairing is
characterized by a d-vector proportional to the momen-
tum vector k [61],
d(k) =
∆0
kF
(kx, ky, kz)
T
. (17)
For an isolated bulk superconductor where the order pa-
rameter ∆0 is position independent and can be gauged
real, the Hamiltonian (2) preserves time-reversal symme-
try
THBdG(k)T
−1 = HBdG(−k). (18)
In combination with the particle-hole symmetry of the
BdG Hamiltonian, superconductors with helical pairing
belong to the Cartan class DIII [13]. It is furthermore
straightforward to demonstrate that the order parameter
is nodeless and isotropic in k-space,
1
2
Tr
[
∆ˆ(k)∆ˆ†(k)
]
= |∆0|2, (19)
We start our analysis by considering the simple case
of a one-dimensional SNS junction. Since the order pa-
rameter is isotropic, transport properties of the junction
do not depend on its orientation. In the following, we
thus consider transport along the x axis such that the
order parameter becomes diagonal in spin space and has
↑↑ and ↓↓ components only, cf. Eq. (4),
∆ˆ(k) =
∆0
kF
( −kx 0
0 kx
)
. (20)
We remark that Cooper pairs have no net spin because
both ↑↑ and ↓↓ pairing are equally likely. Within the
BdG formalism, we obtain the transmission function of
the junctions,
T (ε, φ) = ε
2 − |∆0|2
ε2/τ − |∆0|2 cos2(φ/2) , (21)
where τ denotes the transmission in the normal state and
φ is the phase difference between the two superconduc-
tors.
The resulting phase-dependent thermal conductance κ
is shown by solid lines in Fig. 2(a) for different values of
τ . For comparison, the corresponding thermal conduc-
tance of a conventional spin-singlet s-wave junction is
indicated by dashed lines. We find that in both cases the
thermal conductance is 2pi-periodic and decreases when
the transmission τ is lowered. In the case of p-wave pair-
ing, the thermal conductance is always minimal at φ = pi
independent of the value of τ . This is in contrast to the
0.0 0.5 1.0 1.5 2.0
φ/pi
0.2
0.4
0.6
0.8
1.0
1.2
1.4
1.6
κ
(φ
)/
G
Q
(a)
p-wave τ = 0.8
p-wave τ = 0.5
p-wave τ = 0.3
s-wave τ = 0.8
s-wave τ = 0.5
s-wave τ = 0.3
0.0 0.2 0.4 0.6 0.8 1.0
τ
0.0
0.2
0.4
0.6
0.8
1.0
1.2
1.4
1.6
κ
(τ
)/
G
Q
(b)
p-wave φ = 0
p-wave φ = pi
s-wave φ = 0
s-wave φ = pi
FIG. 2. Thermal conductance κ in units of the heat flux
quantum GQ = pi
2k2BT/(3h) for a one-dimensional SNS junc-
tion with helical pairing. (a) Comparison of κ(φ) between
the s- and helical p-wave case for varying transmission τ . (b)
Comparison of κ(τ) between the s- and p-wave case for φ = 0
and φ = pi. In contrast to the trivial s-wave pairing there is
always a minimum of κ at φ = pi for the p-wave case indepen-
dently of τ . The temperature is set to kBT = |∆0|/2.
case of s-wave pairing where a minimum at φ = pi occurs
only for large τ while in the tunneling limit τ  1 the
thermal conductance becomes maximal at φ = pi.
This difference becomes even clearer when plotting the
thermal conductance at phase differences φ = 0 and
φ = pi as a function of the normal state transmission
τ , cf. Fig. 2(b). While in the case of p-wave pairing we
find κ(φ = 0) > κ(φ = pi) for all values of τ , the two
curves cross each other in the s-wave case for intermedi-
ate transmissions τ ≈ 0.5.
To understand the underlying physics, let us now fo-
cus on the Andreev bound states forming inside the su-
perconducting gap. In the case of a junction with spin-
singlet s-wave superconductors, their energy is given by
EABSs (φ) = ±|∆0|
√
1− τ sin2 φ
2
. (22)
For transparent junctions, the Andreev bound state en-
ergy goes to zero as φ = pi. In consequence, spectral
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FIG. 3. Transmission function T (ε, φ) of a one-dimensional
SNS junction with helical pairing for different transmissions
τ . The presence of a topologically protected Majorana bound
state at φ = pi is connected to a minimum of the transmission
above the superconducting gap.
weight is removed from above the superconducting gap
and the thermal conductance gets reduced. In contrast,
for the tunneling limit the Andreev bound states at φ = pi
have energies close to the superconducting gap. The sub-
gap bound state then gives rise to a resonance in trans-
mission above the gap [38, 39] similarly to the transmis-
sion across a potential well in standard quantum mechan-
ics. This in turn leads to an increased thermal conduc-
tance.
For the case of p-wave pairing, the Andreev bound
state energies are given by
EABSp (φ) = ±|∆0|
√
τ cos
φ
2
. (23)
From this expression we can infer that τ only modulates
the energy of the Andreev bound state at φ 6= pi and
that there is always a pair zero-energy bound states at
φ = pi. These robust zero-energy states are topologically
protected Majorana bound states, i.e. they are their own
particle-hole conjugate. It is the presence of these Ma-
jorana bound states that prevents the resonance physics
discussed for the s-wave case around φ = pi and, thus, is
directly responsible for the robust minimum of the ther-
mal conductance at phase difference φ = pi (see Fig. 3).
An alternative explanation why the transport signa-
tures of s-wave and p-wave junctions differ from each
other significantly only in the tunneling limit can be ob-
tained by analyzing the scattering processes at energies
above the superconducting gap. In the case of a transpar-
ent junction, τ = 1, particles can be backscattered only
via Andreev-like reflections where an incoming electron-
like quasiparticle with momentum +kF is converted into
a holelike quasiparticle with momentum +kF and vice
versa. For a finite barrier, additional normal backscat-
tering processes become possible where an electronlike
quasiparticle at +kF is scattered to −kF without charge
conversion. Due to the linear momentum dependence of
the p-wave order parameter, the backscattered mode is
thus effectively phase shifted. This is not the case for the
momentum-independent s-wave pairing potential. The
presence or absence of this phase shift affects the trans-
mission and results in a different thermal conductance.
So far, we have considered transport in one-
dimensional junctions. In the case of two-dimensional
junctions, we have to take into account modes with a dif-
ferent angle of incidence α. While the mode with α = 0
displays exactly the physics of the one-dimensional case
discussed above, modes impinging under a finite angle of
incidence do not give rise to a Majorana bound state as
topological protection is lost. The associated Andreev
bound states thus approach the superconducting gap as
the transmission of the junction becomes small. In evalu-
ating the thermal conductance, an average of all angles of
incidence has to be performed. In consequence, the clear
distinction between the phase-dependence of s-wave and
p-wave junctions is lost and a maximum of the thermal
conductance at φ = pi can arise in the p-wave case.
B. Unitary Chiral Pairing
In this section we are going to discuss a Josephson
junction made of unitary chiral superconductors. Possi-
ble systems which can realize such an order parameter
are, e.g., the superfluid He3 A-phase [6] and the super-
conductor Sr2RuO4 [7]. In a chiral superconductor, the
order parameter is nodal which implies that there is a
preferred direction in momentum space. Furthermore,
as the order parameter is anisotropic, there is also a pre-
ferred axis in spin space. The relative orientation of these
two axes is governed by spontaneous symmetry breaking
and residual interactions such as spin-orbit coupling. The
relative orientation has an impact on the transport prop-
erties of our junction. In the following, we are choosing
our coordinate system in momentum space such that the
z-axis points along the nodal direction. Choosing a d-
6vector along the z axis then gives rise to Sz = 0 pairing
while a d-vector oriented in the x−y plane leads to equal
spin pairing. The explicit form of the d-vector is given
by [69]
d(k) =
∆0
kF
(kx + iky) ei, (24)
where i = x, y, z. From the above expression we see
that even if ∆0 is gauged real, the d-vector has complex
components and as a result time-reversal symmetry is
broken for an isolated bulk superconductor,
THBdG(k)T
−1 6= HBdG(−k). (25)
Due to the symmetry reduction compared to the helical
case, the chiral topological superconductors therefore be-
long to class D of the Cartan classification [13]. We note
that the order parameters associated with Eq. (24) do not
depend explicitly on kz. The size of the superconducting
gap is given by
1
2
Tr
[
∆ˆ(k)∆ˆ†(k)
]
= |∆0|2 sin2 γ, (26)
where γ = arccos(kz/kF ) and, hence, vanishes along the
z axis.
We start our analysis of thermal transport again for the
case of a one-dimensional junction. Since the order pa-
rameter vanishes along the z-axis, we consider transport
in the x direction without loss of generality. In contrast
to the helical system, for the chiral setup the relative
orientation of the d-vectors affects the transport proper-
ties. As shown in Fig. 4(a), for a parallel orientation of
the two d-vectors, the thermal conductance of the chiral
system is identical to that of the helical system, i.e., it
is 2pi-periodic and exhibits a minimum at phase differ-
ence φ = pi. However, if the two d-vectors are orthogonal
to each other, the periodicity of κ is changed from 2pi-
periodic to pi-periodic with maxima at φ = pi/2. When
the d-vectors enclose an intermediate angle ϑ, there is a
smooth transition between these two limiting cases.
Physically, this change of periodicity can be traced
back to the nontrivial spin structures of Cooper pairs.
Let us consider the situation where the d-vector of the
left superconductor points along the z-axis while the d-
vector of the right superconductor points along the x-
axis. In this case, Cooper pairs on the left are in an
Sz = 0 state and correspondingly have a spin structure
of the form ↑↓ + ↓↑ while Cooper pairs on the right are
in an Sx = 0 state with a corresponding spin structure of
the form ↑↑ − ↓↓. Hence, spin conservation requires the
coherent transfer of pairs of Cooper pairs resulting in a
reduced periodicity of the thermal conductance.
The change of periodicity is also reflected in the An-
dreev bound state spectrum shown in Fig. 4(b). When
the d-vector are oriented perpendicularly, the Andreev
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FIG. 4. (a) Phase-dependent thermal conductance for a uni-
tary chiral one-dimensional SNS junction for different angles ϑ
between the left and right d-vector and transmission τ = 0.8.
(b) Transmission function T (ε, φ) for ϑ = pi/2 and τ = 0.8.
Parameters are chosen as in Fig. 2.
bound state energies are given by
EABS1,2 = ±|∆0|
√
τ cos
(
φ
2
+
pi
4
)
, (27)
EABS3,4 = ±|∆0|
√
τ cos
(
φ
2
− pi
4
)
, (28)
giving rise to a pi-periodic spectrum. Furthermore, we
find that for φ = pi/2, one of the Andreev bound states
is close to the superconducting gap. As explained above,
this leads to a resonance in the transmission above the
gap and, thus, to a maximum of the thermal conduc-
tance.
We now turn to the case of two-dimensional junctions.
Due to the anisotropic order parameter of chiral super-
conductors, the orientation of the junction with respect
to the nodal points of the order parameter plays an im-
portant role for the transport properties of the junction.
As we have chosen the nodal points to be along the z axis,
we can distinguish the two qualitatively different cases of
junctions in the x−y and x−z plane. In the former case,
7all modes experience the same gap ∆0 and behave just as
in the helical case. As a result, the thermal conductance
exhibits a crossover between a minimum and maximum
at phase difference φ = pi when the transmission is re-
duced. For a junction in the x− z plane, it is important
to realize that the order parameter (24) does not depend
on kz explicitly. Therefore, all modes behave essentially
as a copy of the one-dimensional case but with a gap
that depends on kz according to (26). In consequence,
when averaging over all angles of incidence, we find that
there is a robust minimum of the thermal conductance
at φ = pi even for a two-dimensional junctions.
C. Nonunitary chiral pairing
Up to this point we have focussed on helical and chi-
ral order parameters that are unitary. Now, we extend
our analysis to the case of a nonunitary chiral order pa-
rameter where ∆ˆ(k)∆ˆ†(k) is not proportional to the unit
matrix any longer. Nonunitary pairing implies that the
two spin species exhibit different pairings, up to the ex-
treme case where one species is paired while the other
is not. Examples of nonunitary chiral pairing are given
by the superfluid A1-phase of He3 which can be stabi-
lized by applying a magnetic field to the A-phase [6] and
by ferromagnetic heavy-fermion superconductors such as
UGe2 and URhGe[8]. For nonunitary chiral pairing, the
superconducting gap becomes maximal in one momen-
tum space direction while it vanishes in the nodal plane
perpendicular to this direction. If we choose our coor-
dinate system in momentum space such that the z-axis
points along the direction where the gap is maximal, the
d-vector can be written as [70]
d(k) =
∆0
2kF
(kz, ikz, 0)
T
. (29)
Just as for the unitary chiral phase time-reversal symme-
try is broken,
THBdG(k)T
−1 6= HBdG(−k), (30)
and the superconductor falls into the topological symme-
try class D [13]. The angular dependence of the super-
conducting gap is given by
Tr
[
∆ˆ(k)∆ˆ†(k)
]
= |∆0|2
(
kz
kF
)2
. (31)
We are going to analyze thermal transport in a one-
dimensional junction of nonunitary chiral superconduc-
tors first. If the d-vectors on both sides of the junction
point in the same direction, the paired spin component
contributes to the phase-dependent thermal conductance
just as in the case of helical and unitary chiral pair-
ing. At the same time, the unpaired component gives
rise to an additional phase-independent thermal conduc-
tance τGQ where GQ = pi
2k2BT/(3h) denotes the ther-
mal conductance quantum, see Fig. 5(a). If the d-vectors
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FIG. 5. (a) Thermal conductance κ(φ) of a one-dimensional
SNS junction with nonunitary chiral pairing for different an-
gles ϑ between the d-vectors on the left and right side for a
transmission τ = 0.8. (b) Transmission function T (ε, φ) for
ϑ = pi/2 and τ = 0.8. We remark that T (ε, φ) accounts for
transmission of electron- and holelike quasiparticles of both
spins and, hence, is bounded by 4. Parameters are chosen as
in Fig. 2.
point in opposite directions, the thermal conductance be-
comes phase-independent because the paired component
of the left superconductor is unpaired in the right su-
perconductor and vice versa. In consequence, both spin
channels just contribute the phase-independent thermal
conductance of an NS junction. Finally, for noncollinear
orientations of the d-vectors, the thermal conductance
exhibits significant contributions from higher-order har-
monics, i.e. coherent higher-order Cooper pair transfer.
This is due to the fact that the paired component in the
left superconductor now couples to both, the paired and
unpaired component in the right superconductor. As a
result, quasiparticles can leak in and out of the Andreev
bound states and give rise to multi-Cooper pair trans-
8fers. In the transmission function, this behavior leads
to regions of reduced transmission along the broadened
position of the Andreev bound states, cf. Fig. 5(b).
We now turn to the case of two-dimensional junctions
and focus on the situation with equal d-vectors in both
superconductors. For a junction oriented in either the
x − z or y − z plane all modes experience the same or-
der parameter up to a trivial modulation of its absolute
values as described by Eq. (31). Subsequently, the ther-
mal conductance behaves qualitatively similar to the one-
dimensional case and exhibits a minimum at phase dif-
ference φ = pi for any value of the transmission τ . This
robust behavior can also be understood by considering
the energies of the Andreev bound states forming inside
the junction.
EABS = ±|∆0|
(
kz
kF
)2
√
τ−1 − 1 +
(
kz
kF
)2 cos φ2 . (32)
While the energy in general depends on both kz and τ ,
there is a topologically protected zero-energy state at φ =
pi which, as discussed before, leads to a minimum of the
thermal conductance.
IV. CONCLUSION
We have studied phase-coherent heat transport in
short SNS Josephson junctions based on unconventional
superconductors and superfluids. In particular, we have
analyzed junctions with different spin-triplet p-wave pair-
ings namely (i) helical pairing, (ii) unitary chiral pair-
ing and (iii) nonunitary chiral pairing. In the case of
one-dimensional junctions we found that for helical pair-
ing the thermal conductance is 2pi-periodic and always
has a minimum at phase difference φ = pi connected to
the presence of a topologically protected zero-energy An-
dreev bound state in the junction. For unitary chiral
pairing, the periodicity of the thermal conductance can
be changed from 2pi to pi by controlling the relative ori-
entation of the d-vectors. Finally, for nonunitary chiral
pairing we found a behaviour similar to the helical case
but with a phase-independent offset which is connected
to the fact that only one spin species is paired. For two-
dimensional junctions we found that they allow for an
additional distinction between the different pairings as
the interplay between the anisotropy of the order param-
eter and the junction orientation has a strong impact on
the transport properties.
In summary, we have identified phase-coherent heat
transport as a valuable tool to probe unconventional su-
perconductivity. Possible directions for future reasearch
include the investigation of even more exotic types of
pairing that occur, e.g., in superfluid He3 on confined ge-
ometries [71]. Furthermore, it is of interest to investigate
how a self-consistent calculation of the order parameter
in the junction which is beyond the scope of our present
work affects thermal transport properties.
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